Natural photonic crystals are responsible for strong reflectance at selective wavelengths in different natural systems. We demonstrate that intracellular opal-like photonic crystals formed from lipids within photosynthetic cells produce vivid structural color in the alga Cystoseira tamariscifolia. The reflectance of the opaline vesicles is dynamically responsive to environmental illumination. The structural color is present in low light-adapted samples, whereas higher light levels produce a slow disappearance of the structural color such that it eventually vanishes completely. Once returned to low-light conditions, the color re-emerges. Our results suggest that these complex intracellular natural photonic crystals are responsive to environmental conditions, changing their packing structure reversibly, and have the potential to manipulate light for roles beyond visual signaling.
INTRODUCTION
Many organisms have evolved to make use of complex wavelengthscale geometries to manipulate light through optical interference (1) . These structures are known as natural photonic crystals (PCs) (2) and present extraordinary optical properties for roles including color production and light harvesting (3) . These structures are widespread in animals, for example, in insect cuticles and scales (4) , feathers (5) , and shells (6) , and in most of the cases studied so far, they are predominantly extracellular. Structures range from one-dimensional (1D) layers (7) to full 3D structures (8) and, while usually static, can also be dynamic, for example, in chameleons (9) . Plant photonic structures have been less well investigated. Most cases known are epicuticle or cellulose cell wall arrangements to form thin-layer or multifilm interference. There are examples of 1D PCs in plant cell walls (10) or within cells, which are composed of stacked membranes (11) or protein plates (12) that act as Bragg reflectors, but neither 3D intracellular PCs nor the type of changeable dynamic response observed in chameleons (9) , cephalopods (12) , or bacterial cultures (13) has ever been observed in complex photosynthetic organisms. Here, we describe an intracellular PC composed of spheres arranged in an opal-like PC (OPC) (8) structure and demonstrate that this structure produces the striking purple-to-green color in the brown alga Cystoseira tamariscifolia. This contradicts previous studies reporting that these bodies are composed of randomly scattered spheres (14) . We also find this strong color to be reversibly dynamic, responding to light levels in the environment over a time scale of hours.
RESULTS AND DISCUSSION
C. tamariscifolia is a brown alga abundant on the Atlantic coast of Europe and the Mediterranean Sea (15) with vivid coloration (Fig. 1A) . Despite a homogeneous coloration shown to the naked eye, inspection of the epidermal cells under low-magnification optical microscopy ( Fig. 1, B to D) reveals "pointillist" coloration, with higher-magnification imaging showing highly reflective ≈5-mm-wide intracellular spherical vesicles that present colors ranging from deep blue to green (Fig. 1, E and F). The color within each vesicle is also not uniform, suggesting a complex inner structure. Hence, the structural color is not produced at the cuticle or cell wall of the epidermal cells as is known for other plants (10) and algae (16) but instead by intracellular bodies. Images taken in vivo of the epidermis in both reflectance and transmission configurations corroborate the position of the vesicle within the epidermal cells and reveal two to three vesicles per cell, with size varying between 2 and 5 mm ( fig. S1 ). Cryo-scanning electron microscopy (SEM) and transmission electron microscopy (TEM) imaging ( Fig. 2) show the OPCs surrounded by a cylindrical configuration of chloroplasts (see also fig. S2 and movie S1). Imaging using a selective fluorescent staining indicates that the vesicles' interior is mostly formed by lipids ( Fig. 2D ). X-ray spectroscopy also confirms ( fig. S3 ) that the composition of the spheres is not formed of the most common materials found as main components of natural opals such as SiO 2 (17) .
Electron microscopy reveals that the vesicles are filled with nanospheres organized in quasi-close-packed 3D lattice configurations very similar to those known in natural (18) and synthetic OPCs ( Fig. 2) (17) . The differences between our results and previous reports (14) are likely due to the use of freeze-fracture scanning (cryo-SEM) and freeze substitution TEM, which offer superior preservation of ultrastructure compared to the chemical fixation methods used in previous studies (19) .
The highly ordered quasi-close-packed formation is conserved in all vesicles (Fig. 2, A and B) . A statistical study of SEM and TEM images ( fig. S3 ) indicates that each OPC is formed by quasi-monodisperse spherical bodies. That is, each OPC is formed by spheres of a given diameter f. However, different OPCs will show different f values that, as explained later, determine their optical properties. We have encountered values for f varying from 150 to 250 nm on average between OPCs ( fig. S3 ).
OPCs are commonly formed by close-packed monodisperse submicron spheres that assemble by natural (18) or artificial (17) methods to form a 3D lattice. The optical properties of the structure will then be dependent on the size and the arrangement of the spheres and on the materials forming the opal. The best-known consequence of these periodic arrangements of spheres is the creation of a bright reflectance with strong wavelength and directional dependency due to constructive/destructive interference of light within the structure. In natural or synthetic opals, the most common lattice type in which the spheres might arrange is the face-centered cubic (FCC) (8) . We can gain an understanding of the underlying structure of the opals by using well-known optical characterization techniques: Information about the sphere size, lattice type, refractive index of the sphere, and the surroundings allow us to analytically confirm the opalescent nature. In particular, measurements of the spectral angular dependence allow us to confirm conclusively that the optical properties arise from interference effects.
To characterize the optical properties of the natural OPC, we performed in vivo spectroscopy and scatterometry (see Materials and Methods) over single cells using Fourier image spectroscopy (20) . Figure 3A shows three spectra taken over different cells in vivo. A strong peak in normalincidence reflectance is measured for wavelengths matching the colors recorded under an optical microscope. According to our observations, the maximum reflectance occurs for a central wavelength (l c ) that can range from l c ≈ 440 to 550 nm depending on the cell inspected. The maximum reflectance (R) for a single OPC varies between 5 and 10% with values obtained after normalization by the reflectance of a silver mirror. Reflectance as high as 10% shows that optical performance of the OPCs is comparable to that of other iridescent photosynthetic systems (3, 21) .
Because our experiments support the PC nature of the OPCs, a model of the whole natural photonic system was constructed. We considered each single OPC as an FCC lattice formed by monodisperse spheres of diameter f and refractive index n sph and where the structure is formed by N monolayers of spheres that combine to form the 3D lattice ( fig. S5 ). Because the refractive index for biological lipids and surrounding aqueous cytoplasm (n cyt ) has been established (22) , we considered that n sph = 1.48 and n cyt = 1.35. Measured reflectance values of several OPCs correspond very closely to simulation results when f is set to values within the range of observed diameters (Fig. 3A ). We found good agreement for f = 186, 204, and 224 nm in the case of the three reflectance peaks in Fig. 3 . The number of monolayers N varies between N = 15 and 20 stacks from edge to edge of the vesicle. These values are also consistent with the inspection of the freezefracture TEM images such as those shown in Fig. 2B . Note that some polydispersity of the spheres and small local variations in n sph are to be expected in the real OPC. The former could be the cause for the heterogeneous coloration of the natural OPCs, whereas the latter is known to account for spectral broadening and reflectance reduction (17) .
We further test our model by performing angular reflectance measurements over single cells. Figure 3B shows the angular reflectance of a single vesicle under omnidirectional illumination (23) . As observed in Fig. 3B , a blue shift of the reflectance occurs as the collection angle increases. This is a characteristic feature of opal structures (24) . The central wavelength of the reflectivity peak, l c , for a given incidence angle can be calculated by approximating the structure as a multilayer with an effective refractive index dependent on the orientation of the FCC lattice ( fig. S5) (25) . The dotted line in Fig. 3B shows the result of using this approximation for an FCC lattice of close-packed spheres with n cyt = 1.35, n sph = 1.48, and f = 200 nm. The agreement is good but with a slightly higher blue shift at large angles for the theoretical value. This can be attributed to lattice disorder and to the spherical shape of the vesicle, which affects the incident angle (10) .
The OPCs found in C. tamariscifolia therefore have the potential to interact with and modify light levels within photosynthetic cells. The intertidal zone where C. tamariscifolia grows is a particularly challenging light environment because of extreme fluctuations in light levels at low and high tides ( fig. S6 , A to C). We investigated whether OPCs could play a role in adaptation to variable light levels by subjecting living samples of C. tamariscifolia to dark and light conditions while color was monitored.
We inspected light-induced changes in structural color at single-OPC level under the microscope. As shown in Fig. 3 (C and D), the optics of single OPCs was observed to change from a steady reflectance in dark conditions (R ≈ 10%) to no reflectance (R < 5%) after high-intensity illumination with white light with an intensity of 10 4 mmol/m 2 s for ≈10 min. However, once an OPC begins to fade, the transition often takes place in less than 2 s (movie S2 and fig. S6D ). The structural color of OPCs decays at different times for the same illumination area, even within the same cell ( Fig. 3C) , where the color of the lower OPC vanished by 9 s, whereas the upper one remains highly reflective, fading by 40 s of illumination. However, our preliminary observations suggest a cross-talk mechanism between neighboring vesicles in the same cell by which the discoloration happens within the same time interval for the whole area of illumination (movie S3).
Illumination under the microscope is far more intense than in the natural environment, so to mimic field conditions, the dynamic structural color was also monitored across several entire specimens (Fig. 4 , A and B). All of the specimens were kept at controlled conditions in an aquarium under photosynthetic active radiation (PAR) light intensities (61.2 mmol/m 2 s) and water temperature (≈14°C) biologically relevant to mimic field conditions ( fig. S6 ) (26) . Illumination was switched ON/ OFF with different cycle durations (to confound any circadian effects) while changes in structural color were monitored by taking images of the specimen every 20 min. Iridescence is observable under dark conditions [dark conformation (DC)]. When illuminated [light conformation (LC)], the color fades in a time scale of 2 to 3 hours for the whole specimen. The low iridescence in LC remains constant ( Fig. 4C ) until dark conditions are restored, with iridescence being recovered after the specimen is set in the dark for 2 to 3 hours. Varying the LC/DC cycles confirms that the structural color decay/emergence is repeatable and occurs on a 2-to 3-hour time scale independent of the length of the cycles ( fig. S7 ). This supports the hypothesis that external-light levels trigger the dynamic changes in reflectance rather than being a response to an internal circadian rhythm.
We now consider the potential mechanisms that may account for the rapid change in color of a single OPC. Light microscopy ( Fig. 3C and movies S2 and S4) shows that the decay of the structural color is neither due to a rupture of the OPC vesicles nor can cytoplasm refractive index changes account for the disappearance of reflectance (see simulations in fig. S8 ).
By measuring the relative position of the spheres in TEM images (see Materials and Methods and fig. S9 ) for LC and DC specimens (Fig. 5A ), we find that there is an expansion of the distance (d) between spheres in LC compared to DC specimens (Fig. 5B) . Moreover, 2D Fourier power spectra (27) of the same TEM images ( fig. S9B) show that DC (blue) specimens present a strong peak for a center-to-center distance of ≈170 nm (0.006 nm −1 ) between lipid spheres. The same analysis over LC (brown) specimens shows no prevalence of any center-to-center distance ( fig. S9B ), suggesting that the expansion of the lattice is encompassed by a randomization of the positions for each sphere.
Calculations of the reflectance as a function of the lattice expansion of the OPCs (Fig. 5C) show that an expansion of the lattice will produce a red shift of the central wavelength of the reflectance peak. The calculated absolute reflectance is not reduced but rather slightly increased by the expansion of the lattice. This increase in reflectance is not observed in our experiments, where a quick decay of the reflectance is observed under certain light conditions, as shown in Fig. 4 . To find the reason for this discrepancy, we calculated the reflectance of a random distribution of spheres of the same diameter (Fig. 5C , blue-shadowed area). As can be observed, the characteristic reflectance peak of the OPC vanishes completely for randomly positioned spheres. Hence, combining the optical model with the Fourier power spectral analysis over the TEM images suggests that the possible mechanism of structural color reduction might be a combination of expansion and randomization of the lattice. During the first stage of expansion, the lattice would still be relatively ordered, leading to a red shift of the reflectance. However, after the initial expansion, the spheres would be free to move within the vesicle, and a randomization of their position is then possible, producing the reflectance to vanish. The vanishing of structural color is preceded by a red shift from blue to green (movie S4), supporting the idea of a combined expansion-randomization of the lattice.
The formation of an opaline structure from lipid microspheres is, as far as we are aware, unique to both the natural world and synthetic opals. The fact that the alga is able to form monodisperse spheres and control their packing structure is by itself surprising, but the fact that the alga is able to precisely change the packing structure from ordered to disordered, and in a reversible manner, is remarkable.
The function of the OPCs for the alga also remains to be determined, but the position of the OPCs relative to the chloroplasts in the cell, together with the dynamics of the photonic properties, strongly indicates a photosynthetic role. The chloroplasts are oriented with their long axes parallel to the direction of incident light (see fig. S10 ), reducing the surface area exposed to light transmitted directly from the thallus surface (28) . It is well documented that chloroplasts in many other shade-adapted plants move to the periphery of the cell when exposed to high-light conditions to minimize light exposure (29) . However, we believe that, in this alga, the chloroplasts may remain more static, with the OPC regulating the exposure of the chloroplasts to light instead.
We propose that it is the photonic "stopband" (the spectral region over which the OPC is highly reflective) that regulates the light reaching the chloroplasts. When in their disordered state (during the LC phase), the stopband is not present, and the vesicle transmits the light in a similar way to any other region of the cell. This configuration is shown in fig. S10A , where one can see that the light is transmitted through the vesicle, with minimal interaction with the chloroplasts. However, in the DC phase, the lipid spheres in the vesicle become ordered into an OPC. A stopband forms, and the surface of the spherical structure becomes highly reflective. This configuration is shown in fig. S10B . Although some of the light is scattered back out of the top (this is, what is observed in optical microscopy as the bright blue reflection), the spherical shape means that light is also scattered toward the sides. This ensures that less light is transmitted and that more light is scattered toward the chloroplasts in low-light conditions. Thus, in bright light, the OPC is inactive and the chloroplasts are protected by aligning themselves to minimize their cross section with light as a photoprotective mechanism, whereas when little light is available, the OPC becomes ordered to ensure that it scatters light to ensure maximum exposure to the chloroplasts.
Note that this configuration acts in a somewhat different way from the mechanism proposed for the only other aquatic photosynthetic system to report photonic structures believed to enhance photosynthesis (30) . In this complex symbiotic system inside a clam, transmissive Bragg reflectors selectively transmit the desired wavelengths to deep within the tissue. In the case of the alga here, it is the highly reflective property of the OPC that is used. 
CONCLUSIONS
The extraordinary capacity of PCs to efficiently modulate light-matter interaction is well known in solar cell photovoltaics (31) and natural photonic structures (2) . Very recently, two other examples of PCs with a role in light harvesting for photosynthesis have been documented, having evolved separately (3, 30) . However, all previous examples of photonic structures in plants are of 1D structures. Here, we report a complex 3D opal structure formed from lipids.
The presence of such a complex photonic structure in an alga, such as the ordered 3D opal structure shown here, is surprising in itself but even more so is the fact that this complex structure is dynamic. How the alga is able to produce quasi-monodisperse lipids and control the level of order or disorder, reversibly, remains unknown, but it certainly surpasses the capabilities of current artificial opal synthesis. The biological function of this opal is also unknown, but its location close to chloroplasts hints at a complex interplay between the photonic structure and photosynthesis. Note that, although other PCs found in other species of algae are thought to have a photoprotection function (21), we hypothesize that, because the OPC is active in low-light conditions, its role is to scatter light efficiently in low-light conditions to the chloroplasts, which are otherwise in a photoprotective alignment. This adaptation appears to be a response to the extreme variation in light conditions in which this intertidal alga is found. Our results are consistent with the possibility that photosynthetic organisms can use physical photonic structures to manipulate photosynthesis beyond the photochemical process.
MATERIALS AND METHODS
Specimen collection and field study Specimens of C. tamariscifolia were collected from rock pools on the southwest coast of the UK and maintained for up to 2 months in natural seawater in commercial aquaria with carbon/zeolite filtration (Marina 360 Degree Aquarium, Hagen) at 14°C. The illumination was provided by fluorescent tubes (GE Lighting F15W/35-535) with a biologically relevant spectral and intensity specifications (see details about illumination in figs. S6 and S7).
Photographs in Fig. 1 were taken using a Nikon D3200 photographic camera. Low-magnification microscopy in Figs. 1 and 4 used a VHX-1000E Digital Microscope (Keyence) with a polarizing filter.
PAR in the aquaria and in the field was measured with a calibrated LI-COR Quantum Sensor (LI-250A). In-field measurements of PAR were performed by placing the PAR meter next to the specimens during rising/falling tide.
In vivo PC optical property characterization
For high-resolution optical characterization, we used a custom-made white-light epi-illumination reflectance microscope. White-light lamp illumination (Thorlabs OSL-1) was collimated and focused on the sample with a high numerical aperture (0.75) objective lens (Zeiss 63X). This illumination configuration mimics light conditions in the natural environment of the alga where light is incident on the specimen with no preferential direction. The collected light was then focused onto an optical fiber (Thorlabs M92L01) in a confocal configuration. A modified configuration of the previous setup allowed Fourier image spectroscopy over the whole numerical aperture of the objective lens. This technique allows the measurement of reflectance (R) as a function of collection angle and is a typical method used to characterize PCs. The lateral size of the illumination spot is approximately 8 mm, enough to resolve reflectance of single cells on one measurement.
Cell and OPC morphological characterization
For TEM, apical tips approximately 1 to 2 mm in length were frozen in an EM PACT2 high-pressure freezer (Leica Microsystems) in 0.2-mm gold-coated live-cell carriers using seawater as a cryopreservative. Specimens were put in 1% osmium tetroxide and 0.1% uranyl acetate in anhydrous acetone at −90°C and transferred to an EM AFS1 Leica Microsystems freeze substitution apparatus where they were left at −90°C for 5 hours, before the temperature was decreased from 5°C/hour to 0°C/hour. Samples were washed twice with cold acetone and gradually infiltrated with increasing ratios of acetone/Epon (3:1, 1:1, and 1:3) for 1 hour each step followed by 2 hours in pure Epon. Samples were hardened overnight at 60°C, and then, 70-nm sections were cut using an Ultracut 7 ultramicrotome (Leica Microsystems), mounted on Pioloform-coated copper grids, and stained with 1 to 3% uranyl acetate followed by lead citrate staining. Stained sections were viewed with a Tecnai T12 TEM (FEI). For freeze-fracture SEM (cryo-SEM), samples were frozen by plunging them into a liquid nitrogen slush and then fractured with a scalpel blade. Samples were sputter-coated with platinum and then imaged using a Quanta 400 Tungsten scanning electron microscope. Energy-dispersive spectroscopy was carried out using an X-Max Detector (Oxford Instruments) attached to a Hitachi SU8230 Cold Field Emission scanning electron microscope. This test ( fig. S4 ) was necessary to corroborate that the nanospheres forming the OPC were not constituted by material known to for other artificial opals in nature such as SiO 2 .
The central position of each nanosphere was identified on a set of TEM images for both light-adapted (brown) and dark-adapted (blue) specimens (see fig. S10 ), and the distance (d) to adjacent nanospheres was calculated using a Delaunay triangulation method. Fourier power spectra for center-to-center frequency evaluation were obtained by fast Fourier transform of TEM images using ImageJ software.
Confocal microscopy was performed on a Leica DMI 6000 CS inverted confocal microscope with a 100× oil immersion objective. Chloroplast autofluorescence was imaged with an excitation beam of 488 nm and emission measured over a wavelength range of 650 to 750 nm. Z-step size was 0.165 mm and controlled through Leica AF software. Samples were prepared by a single slice along the length of the specimen, and the epidermal tissue was imaged. For lipophilic staining, a Nile red stain (N3013, Sigma-Aldrich) was used. Fresh cuts were taken without fixing before being stained at a concentration of 10 ml/ml for 1 hour, followed by three washes. Stained samples were imaged by confocal microscopy as described above, with excitation at 488 nm and emission measured over a range of 575 to 625 nm. A Z-step size of 0.30 mm was used.
High-resolution images for the iridescence dynamics study over whole specimens were obtained with a GoPro HERO4 complementary metal-oxide semiconductor camera. Illumination by the fluorescent tubes of the aquarium was synchronized with the camera through a python programming language home-made driver controlled by a Raspberry Pi Model B unit. Images were taken every 20 min, and storage for further analysis was done using an ImageJ software. The normalized intensity recorded in the blue channel of the camera divided by the total intensity (calculated as the sum of all channels) gives the normalized intensity (I B /I RGB ) of the structural color on each image and was evaluated over relevant areas of the image by obtaining the ratio between the intensities collected in the blue channel. To take images during DC, the fluorescent tubes were switched off and only switched on for 4 s every 20 s to record the image.
Optical model: Full-structure simulation As an optical model, we constructed each single OPC as an FCC lattice formed by monodisperse spheres of diameter f and refractive index n sph oriented normal to the surface along the GL crystallographic direction (d 111 crystallographic plane). Values for f included in the model were chosen within the range obtained from the TEM/SEM images. The whole structure was considered to be immersed in a homogeneous medium with refractive index n cyt . To make model and experiments comparable, it is fair to expect that OPCs in different cells will present differences in the number of layers of spheres and their diameter, as well as small variances in n cyt and n sph . Using values reported in literature (23) , we considered cytoplasm (n cyt = 1.35) as the medium in which the spheres are immersed within the vesicles and n sph = 1.48 as the refractive index of the lipid nanospheres.
Changes in refractive index for any of the two parts of the structure [spheres and immersion medium (cytoplasm)] have two effects. One effect is that, reflectance can be enhanced (decreased) if refractive index contrast is increased (reduced). The other important effect is an overall red shift for larger refractive indices. Note that a third effect of increasing the refractive index contrast is spectral broadening of the reflecting peak. However, for small refractive index contrast (n sph ≈ n cyt ), little broadening is expected.
Optical model: Bragg stack approximation
For calculation of the angular dependency of the reflectance peak, we used the well-established Bragg stack approximation for opals (31) . Each set of spheres in the same plane of crystal growth is averaged by a given effective refractive index ( n). The destructive interference of an incident beam within the crystal is fulfilled for l c ¼ 2d xyz ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi n 2 À sin 2 q p , where l c is the central wavelength for the resulting reflectance peak, d xyz is the crystallographic plane of the opal, and q is the angle of incidence/ collection considered. We considered here the opal to be oriented with its G-L direction toward the surface of the alga, and therefore, plane d 111 should be used ( fig. S5 ). In the case of close-packed spheres, d 111 ¼ ffiffiffiffiffiffiffi ffi 2=3 p f, with f being the diameter of the spheres. n is calculated as n ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi f n 2 sph þ ð1 À f Þn 2 cyt q , where f is the filling fraction of spheres, that is, the volume filled by spheres in the total volume occupied by the PC. n sph and n cyt are the refractive index for the spheres and the surrounding medium (cytoplasm), respectively. For a close-packed opal PC, f = 0.74. fig. S10. Sketches of possible mechanism for light flux redirectioning into the chloroplast. movie S1. Three-dimensional autofluorescence confocal false-color maps showing the relative position between OPCs (red) and chloroplasts (green) within the epidermal cells. movie S2. Structural color decay for the two OPCs shown in Fig. 3C . movie S3. Structural color decay filmed with stereomicroscope under low magnification. movie S4. Fast decay of structural color for OPCs under continuous illumination.
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